Environmental surveillance supplements the surveillance of acute flaccid paralysis by monitoring wastewater for poliovirus circulation. Building on previous work, we analysed wastewater flow to optimise selection and placement of sampling sites with higher digital surface model (DSM) resolution. The newly developed 5-m mesh DSM from the panchromatic, remote-sensing instruments for stereo mapping on-board the Japanese advanced land observing satellite was used to estimate catchment areas and flow of sewage water based on terrain topography. Optimal sampling sites for environmental surveillance were identified to maximise sensitivity to poliovirus circulation. Population data were overlaid to prioritise selection of catchment areas with dense populations. The results for Kano City, Nigeria were compared with an analysis based on existing 30-and 90-m mesh digital elevation model (DEM). Analysis based on 5-m mesh DSM was also conducted for three cities in Niger to prioritise the selection of new sites. The analysis demonstrated the feasibility of using DSMs to estimate catchment areas and population size for programme planning and outbreak response with respect to polio. Alternative sampling points in Kano City that would cover a greater population size have been identified and potential sampling sites in Niger are proposed. Comparison with lower-resolution DEMs suggests that the use of a 5-m mesh DSMs would be useful where the terrain is flat or includes small-scale topographic changes not captured by 30-m data searches.
Introduction
In 1988, the World Health Assembly (WHA) resolved to eradicate poliomyelitis globally by the year 2000 (WHA, 1988) . Since then, the Global Polio Eradication Initiative (GPEI) has made steady progress towards this goal. The South-east Asian region was certified by the World Health Organization (WHO) as polio-free in March 2014 (WHO, 2015b) ; thus four of WHO's six geographical regions, covering over 80% of the world's population, are now certified as polio-free. The incidence of poliomyelitis has decreased by more than 99%; from more than 350,000 cases in 1988 to 74 cases in 2015 (GPEI, 2016) .
The gold standard for poliomyelitis surveillance is case-based surveillance for acute flaccid paralysis (AFP) cases, which is the sudden onset of weakness and floppiness in any part of the body. Poliomyelitis cases are detected through AFP surveillance for children under 15 years of age, or persons of any age if polio is suspected clinically, by testing stool specimens for the presence of polioviruses. However, most polio infections are asymptomatic and fewer than 1% of all poliovirus infections cause actual paralytic poliomyelitis (WHO, 2015a) making it difficult to detect imported cases or outbreaks through AFP surveillance before poliovirus circulation becomes widespread. Therefore, the GPEI supplements AFP surveillance with environmental surveillance (ES), in which sewage water is sampled and analysed for the presence of poliovirus to allow early detection of poliovirus circulation. As individuals infected with poliovirus excrete the virus in the faeces for several weeks whether they are symptomatic or not, subjecting sewage samples to screening is considered effective for the detection of poliovirus circulation in a specific area. As most parts of the world are now polio-free, the objective of using ES is to detect the importation and circulation of poliovirus as early as possible so that a timely outbreak response can be conducted in the form of additional immunisation campaigns and strengthened surveillance in target areas. ES has been established in currently or previously poliovirus-infected countries, such as Afghanistan, India, Pakistan and Nigeria, as well as in many polio-free countries that remain at risk of importation, including China, Egypt, Japan and many European countries (Levitt et al., 2014) . Previous research indicates that ES has a high sensitivity for the detection of the presence of poliovirus. Hovi et al. (2001) flushed poliovirus type 1 (Sabin strain) into the Helsinki sewage network and concluded that it would be possible to detect its circulation from a single sewage sample even if only 1 out of 10,000 inhabitants in the catchment area would be excreting the virus. Similarly, Lodder et al. (2012) provided monovalent (type 1 or type 3) oral (i.e. live) poliovirus vaccine (OPV) to 228 subjects in The Netherlands, then monitored its excretion in stools of these subjects at the same time as they collected sewage samples at a pumping station in the area covering a population of 37,000. The results suggest that ES is capable of detecting a few hundred subjects excreting poliovirus among a population of tens of thousands. Based on these findings, the Global Polio Laboratory Network (http://polioeradication.org/polio-today/polio-now/surveillance-indicators/the-global-polio-laboratory-network-gpln/) recommends that the preferred size of the source population be 100,000-300,000 per site (WHO, 2003) . In order to maximise the effectiveness of ES, it would be important to identify sampling sites with this source population size that includes high-risk populations. Currently, ES sites are primarily selected based on local knowledge of the location of open sewage canals and water flows without any systematic estimation of catchment area or population. This empirical approach may not identify all potential sampling sites even if it covers high-risk source populations. In this context, the Bill & Melinda Gates Foundation (BMGF), the Environmental Systems Research Institute (ESRI), and Novel-T (http://www.novel-t.ch/) have analysed the terrain surrounding existing ES sites to estimate the flow of sewage based on digital elevation models (DEMs) in order to identify optimal sampling points, which would maximise the sensitivity to detect the poliovirus circulation (Novel-T, 2016) . DEMs represent a digital model of the Earth's surface, derived from remote sensing data using satellites. Currently, 30-m DEMs of the world are publicly available for free (Farr et al., 2007) enabling applications in different fields such as ecology, agriculture, forestry, urban studies and archaeology. In public health, DEMs have been used to assess habitat suitability or other relevant environmental variables (e.g., temperature, rainfall) (Hamm et al., 2015) . DEMs can also be used to identify water bodies and areas at risk of flooding (Soti et al., 2010 (Soti et al., , 2012 Walz et al., 2015) .
Building on the success of earlier analyses, WHO, the Japan Aerospace Exploration Agency (JAXA) and the Remote Sensing Technology Center of Japan (RESTEC) have collaborated in a pilot study of higher-resolution DEM. The newly developed 5-m mesh DSM of the panchromatic remotesensing instrument for stereo mapping (PRISM) on-board the advanced land observing satellite (ALOS) provides a height accuracy of 3.3 m (based on root mean square error), which can be expected to provide better results than previously available. The overall aim of the study was to demonstrate programme feasibility and utility of analysis based on DEMs for the polio eradication programme, including the estimation of catchment area and population in the selection and assessment of ES sites. Specific objectives of the project included the following.
First, application of the analysis to existing sampling sites in Kano City, Nigeria, specifically: comparison of results based on publicly available 90-and 30-m mesh with JAXA's ALOS-generated world three-dimensional topographic map (AW3D) 5-m mesh data to assess the usefulness of using a higher DEM resolution; and comparison of identified sampling points against existing sampling sites to see if the use of DEMs can indeed improve selection of sampling sites.
Second, programmatic application of the method in three cities in Niger to support the selection of new sampling sites.
ALOS was launched by JAXA in January 2006 and photographed 6.5 million scenes around the world in its five years of operation. After exceeding/meeting its designed (three years) and targeted (five years) life, a power generation anomaly causing communication loss occurred in April 2011 leading to the formal termination of the operation of the satellite in May 2011. The Advanced Optical Satellite for the follow-up mission is scheduled to be launched in 2020.
Materials and Methods

Satellite imagery used
There are two types of DEMs: i) the digital surface model (DSM) representing the ground surface with all objects such as plants and buildings; and ii) the digital terrain model (DTM) representing the bare ground surface without any such objects. Currently, 90-m mesh and 30-m mesh DTM datasets are publicly available from the shuttle radar topography mission (SRTM) data (Farr et al., 2007) from the National Aeronautics and Space Administration (NASA) of the United States. JAXA has produced 5-m mesh and 30-m mesh global DSM datasets using archived AW3D data from PRISM on-board ALOS (Tadono et al., 2014; JAXA, 2015) . The 5-m mesh dataset provides the highest precision global three-dimensional (3D) map with a horizontal accuracy of 5 meters (Takaku et al., 2016) . Height accuracies of the 90-m mesh DEM (SRTM), 30-m mesh DSM (ALOS) and 5-m mesh DSM (ALOS) are approximately 7.5, 4.4, and 3.3 m, respectively Takaku et al., 2016) . The height provided by the AW3D topography data concerns the top of canopies (height of surface objects including buildings and trees) since it is calculated using images taken from space.
Application in Kano City, Nigeria
Kano City in Nigeria was selected for the analysis because it is wellknown as a poliovirus reservoir and the sensitivity of ES sites to new importations and outbreaks is critical for the polio eradication programme. ES monthly samples were taken from three sites in Kano City: Kurna Masallachi station, Jakara police station and Gogau Fagge station. Based on the AW3D topographic data of Kano City, we conducted the analysis of the three ES site catchment areas based on the 5-m mesh DSM. Specifically, the steps of the analysis ( ground, a minimisation filter of 25-m radius was applied to AW3D DSM to estimate the DTM, which is needed as the wastewater flow is estimated based on the elevation of the terrain. Second, slope and water flow direction were computed for the estimated DTM based on the obvious assumption that wastewater flows from an area of higher elevation to lower elevation, an approach only valid in areas with open sewer systems where wastewater flow is based on gravity.
Third, the accumulated amount of water flow was computed based on the number of pixels (5-m mesh) flowing into any given pixel area, a step required to determine the river flow paths in step (5) below.
Four, the pour points, i.e. the lowest elevation spots within the watershed into which the water flows, were determined.
Five, the accumulated water flow computed to be above a certain threshold, imputed to be a river flow path, was determined. These synthetic streams represent the putative flow of wastewater for the purposes of this analysis.
Six, based on the definition of watersheds as the boundary separating adjacent catchment areas, the latter were determined from the pour point and the slope and direction of water flow.
Seven, the resulting catchment areas were overlaid on satellite imagery of the city adding contour lines showing the elevation with the populations within each catchment area, estimated based on the delineation of the area and the corresponding population density in the AfriPop dataset alpha, version 2014 (WorldPop, 2016) .
For Kano City, we compared the catchment areas estimated by 5-, 30-and 90-m mesh DEMs for the three existing sampling points. We also analysed the catchment areas in the rest of the city to see if more optimal sampling points existed. The sizes were obtained by taking the drainage point closest in distance to the actual sampling point and computing the expanse of each catchment area. Catchment areas for the exact coordinates of the existing sampling points could not be computed as they were not located directly on a drainage line. For example, the existing sampling point (intake point) of Gogau Fagge station did not intersect with a model-generated blue line. In such cases, field visits should be conducted to find out whether there is a real water flow around the existing intake point. Higher-resolution satellite imagery may in future be helpful to establish the actual water flow.
Topographical analyses in Niger
Given its proximity and population movement to and from Nigeria, Niger remains a high-risk country for poliovirus reintroduction and thus the establishment of ES in Niger represents a high priority for the GPEI. WHO and JAXA/RESTEC analysed the topography of three cities in Niger (Diffa, Maradi and Niamey) at the 5-m mesh level. Using the same method that was applied in Kano City, sewage (river flow) lines, catchment areas and estimated population per catchment area were computed. Potential ES sampling sites were identified and prioritised according to this analysis as a part of a desk review prior to the actual selection of sampling sites based on in-country consultation.
Results
Kano City, Nigeria
The results of analysis for Kano City are shown in Figures 2 to 5. Figure 2 shows the contour lines, existing intake points and estimated drainage points overlaid on satellite imagery. While the interval for the contour lines is 5 m, the height accuracy of the 5-m mesh DSM is greater (3.3 m). Figure 3 shows the partition of the city into catchment areas highlighting the catchment areas with existing intake points and drainage points, i.e. those into which the water should flow based on the analysis of the elevation of the terrain. This figure suggests that the existing intake points could be optimised by shifting them to the drainage point just downstream of the shaded areas as this would allow collection of wastewater flow from the entire shaded area. A comparison of catchment area size for the actual and the optimal sampling points showed that the catchment area for the optimal sampling point was larger in all three cases, at times by approximately 30%. Feasibility of moving the intake points downstream would require a field visit to assess the suitability of the drainage points as ES sampling sites and to validate the findings of the analysis. Figure 4 shows the population estimates of the optimised catchment areas: the Jakara police station sampling point appears to be covering an area with much higher population compared to the other two sampling sites but within the recommended range of 100,000 to 300,000 population per site. Figure 5 shows the comparison of catchment areas estimated based on 5-, 30-and 90-m mesh DEM data for the three existing sampling sites. The catchment areas for Jakara police station are quite similar for the three DEMs ( Figure 5B ). For Kurna Masallachi station, the 5-and 30-m mesh results are similar, while the 90-m SRTM gives a much larger catchment area ( Figure 5C ). The results for Gogau Fagge station ( Figure 5A ) are the most disparate with regard to the 5-m mesh and 30-/90-m mesh results. Figure 6 shows the catchment areas, computed river flow paths (sewage lines) and population estimates in Diffa, Maradi and Niamey. Based on visual inspection of the satellite imagery, the sewage lines are generally consistent with the major rivers in the area. For Maradi and Niamey, the topography and population density are such that the selection and prioritisation of sampling sites is fairly obvious: the wastewater is expected to flow into the major rivers from the higher elevation areas of the city and the most densely populated areas are quite concentrated. Diffa has a more spread-out population and the terrain is very flat.
Three cities in Niger
In September 2014, twelve candidate sampling points in these three cities were selected based on the analysis. Final selection of sampling points would be based on: i) accessibility of sampling points (e.g. open sewage, rivers); ii) appropriateness of the sample (e.g. absence of sewage treatment plants, waste from factories, etc.); and iii) adequateness of flow (e.g. presence of water flow to enable sample collection).
Discussion
This project assessed the feasibility and utility of the AW3D 5-m mesh DSM data in selecting poliovirus ES sites to the polio eradication programme. The comparison of estimated catchment areas with 90-, 30-, and 5-m mesh DEM data in Kano, Nigeria showed that a high resolution (i.e. 5-m mesh) was especially useful in places with very flat topography or rapidly changing terrain which are not captured by lower resolution DEMs. Areas with spread-out population such as in Diffa, Niger also benefitted from this analysis by simply overlaying the population density to identify high-priority areas. As part of the polio endgame strategy, WHO is currently expanding environmental surveillance in approximately 10 countries by the end of 2016 (WHO, 2014) . As demonstrated in our analysis in Nigeria and Niger, the analysis with DEM data enables the rationalisation of the selection of sampling points in high-risk areas, including the estimation of catchment areas and populations, which is not possible when using only empirical methods.In particular, the AW3D 5 mesh DSM data can provide additional value especially in areas requiring higher resolution data to obtain reliable results.
With respect to the Nigeria data, it is likely that the 5-m mesh DSM would be able to capture the effect of local changes in the elevation to the north and south of the Gogau Fagge sampling site in determining the catchment area. Thus, use of a higher resolution DEM seems most useful when analysing an area with rapid terrain changes with regard to height; for example, terrains with many local hills. In areas, in which the change in elevation is regular and reasonably steep, lower-resolution DEMs of 30-or 90-m are likely to provide similar results to the 5-m-mesh DSM. Further, an environmental surveillance review for Nigeria that took place in September 2014 assessed the placement of the existing sites, and identified additional potential ES sites. The present analysis was a key support for the review of the Kano City area, particularly in the selection of new sites. Two new sites selected in the southern and eastern parts of the city to cover populations in areas outside the catchment of the existing sites have been operational since November 2014 and will provide additional information in due course.
Comparison of the sampling sites estimated in DEM analysis and the actual sampling sites in Kano, Nigeria indicate that the analysis with DEM data may be capable of suggesting better sites covering areas and populations of higher priority. This suggests that the DEM analysis can be applied to all existing ES sites (e.g., Afghanistan, India, Nigeria, Pakistan). Currently, BMGF has contracted Novel-T to conduct this analysis for all sites with the freely available 30-m mesh DEM (Novel-T, 2016) . In addition, this analysis provided a measure of rationalisation in the interpretation of the ES results, including estimation of the population size covered. To date, a positive ES sample can only be interpreted as the presence of a poliovirus excretor somewhere upstream in the vicinity of the sampling site. However, the analysis facilitates the localisation of the probable excretor in question as the search can be narrowed down to the catchment area and the population of the sampling site providing a more rational approach to planning the extent of mop-up polio vaccination campaigns and assessing risk of further circulation subsequent to a positive environmental sample. Negative results are more difficult to interpret because negative samples may indicate the absence of circulating polio viruses or be due to a range of other reasons, such as a poorly or improperly selected collection sites, inadequate or inappropriate sample collection methods, inadequate sample transport or storage, inadequate laboratory methods or inappropriate approaches in general.
Article
One limitation of this analysis is that AW3D is generated from data collected between January 2006 and April 2011 -the time period when ALOS was in operation. Therefore, the results of this analysis do not include land cover information after April 2011. Also, the application of the analysis is limited to locations where the wastewater flow is based on open sewer systems and gravity. Extensive use of other sanitation systems (e.g. pit latrines or piped sewage systems using pumps) is likely to skew the results as well. Other factors, such as presence of industrial waste, high temperatures and sunlight must also be taken into consideration. Therefore, it is important to validate the results through field visits so that potential sites can be assessed for sample collection suitability.
Closing this discussion, the inherent level of uncertainty in the results of the analysis must be admitted: interpolation between data Article [Geospatial Health 2016; 11:462] [page 359] points in the elevation data may result in error, and the 25-m smoothing filter used to obtain the DTM from the DSM may not be appropriate in all situations. Another possible limitation of using the AW3D dataset DSM is that this type of analysis cannot be applied in all parts of the world at all times, for example areas commonly covered by extensive clouds would preclude this approach. In addition, inclusion of Monte Carlo simulation to obtain confidence intervals would provide a measure of the robustness of the analysis results. Finally, this project suggests that other diseases that can be monitored through environmental surveillance, as well as programmes involved in wastewater management are also likely to benefit from similar analyses. 
